Objective: The main objective of this cross-sectional study is to assess the cardiac autonomic neural activity in the presence of abnormally increased body weight in youths and its relationship to metabolic risk factors and cardiorespiratory fitness (CRF).
INTRODUCTION
R ecent years have seen a rapid worldwide increase in obesity, especially among children and young people [1] . The adverse effects of weight gain on metabolic and cardiovascular function and the association of weight gain with a higher incidence of health problems later in life represent major issues in health care that have generated great concern over the last few years [2] [3] [4] [5] . Indeed, considering the increasing tendency for obesity to appear during childhood and to track, to some extent, into adult life [6] [7] [8] , as well as the firmly established relationships among obesity, type 2 diabetes and hypertension (HTN) in adults, obese children appear to be at particularly high risk of becoming diabetic and hypertensive as they age.
Hyperinsulinaemia, high blood pressure (BP) and reduction in cardiovascular fitness are all associated with overweight and obesity. In a recent study [9] with 611 obese youths, 39, 16.5 and 2.8% of this population presented one, two or three risk factors, respectively, with hyperinsulinaemia being the most prevalent, followed by lipid abnormalities and high BP. Moreover, obesity is inversely related to cardiorespiratory fitness (CRF) and when expressed by oxygen consumption during the effort test (VO 2peak ), it is a marker of cardiovascular morbidity and mortality [10] .
The association between obesity and cardiometabolic risk factors, however, differs among obese patients. Although some patients with a mild degree of obesity have an increment in risk, others do not, even though they have a higher degree of obesity; so, as a consequence, the concept of 'healthy' obese has been proposed [11] . The challenge is to find out whether altered underlying mechanisms are present to optimize interventions. Therefore, identifying these potential intermediate mechanisms for the development of cardiometabolic abnormalities may define a high risk group in obese youth.
One of the potential mechanisms that could contribute to the cardiometabolic alterations is the imbalance in the activity of the autonomic nervous system (ANS). Experimental and clinical studies with overweight and obese populations have related autonomic nervous activity to obesity, mainly the sympathetic nervous system (SNS) [12] [13] [14] [15] [16] . The role of the autonomic imbalance in the over activity of the SNS, on BP values [15] , hyperinsulinaemia [14] and CRF has been studied in the adult population [17] ; however, studies in children are scarce [18] . The main objective of this cross-sectional study is to assess the cardiac ANS (cANS) activity in the presence of abnormally increased body weight in youths and its relationship with metabolic risk factors -BP and CRF.
PATIENTS AND METHODS
Sixty-four overweight and obese, aged 9-17 years, of both sexes, from those who underwent an assessment of overweight/obesity in the Pediatric Department of the Consorcio Hospital General de Valencia (Spain) were enrolled. None of them who had secondary obesity syndromes suffered from acute or chronic disease or had enrolled in weight-loss programmes. Data about physical activity were obtained from physician-patient clinical interviews. Anthropometric parameters, BP measurements and metabolic profile were assessed. In addition, heart rate (HR) and respiratory rate (breathing rate) were measured in resting and effort conditions. Although HRV was performed exclusively under resting conditions from the recorded ECG signal, the CRF was evaluated as oxygen consumption during the effort test. The protocol was approved by the Ethical Committee of the Consorcio Hospital General de Valencia, and a consent form was signed by the parents and the participants.
Anthropometrics
Body weight was recorded to the nearest 0.1 kg using a standard beam balance scale with the individuals wearing light indoor clothing and no shoes. Height was recorded to the nearest 0.5 cm using a standardized wall-mounted height board. Overweight and obesity have been qualified on the basis of the recently published extended international BMI cut-offs for thinness, overweight and obesity in children [19] . In this case, BMI values for age and sex between 25 and 30 are overweight, between 30 and 35 are obese and above 35 are morbid obese. Waist circumference was measured at the midpoint between the iliac crest and the costal margin in the midaxillary line in the standing position at the end of a gentle expiration. Height-waist ratio was calculated.
Blood pressure measurement and metabolic assessment
Following the published recommendations of the European Society of Hypertension Guidelines [20] , trained nurses measured the BP of each individual three times consecutively in the seated position at 5-min intervals. Office BP was taken as the mean of the three measurements. HTN was defined when SBP and/or DBP were persistently higher than the 95th percentile specific for age, sex and height [20] . Individuals were considered normotensive when both SBP and DBP were less than the 90th percentile for age, sex and height.
Metabolic assessment was performed under fasting conditions in the early morning. Peripheral blood samples were obtained to measure glucose by the glucose oxidase method (Beckman Glucose Analyzer; Beckman Instruments; Fullerton, California, USA) [21] , insulin (Pharmacia Insulin RIA kit; Uppsala, Sweden) [22] and lipid profile. Homeostatic model assessment for insulin resistance (HOMA-IR) index was calculated by dividing the product of insulin (microunits per milliliter) and glucose (millimoles per liter) by 22.5 [23] . Hyperinsulinism was defined from norms for pubertal stage [4, 24, 25] . Abnormal fasting lipids were defined from normative data [26] .
Monitoring heart rate variability and cardiorespiratory fitness in resting and effort conditions
The HR, breathing rate and ECG signal, under resting conditions, were continuously measured and recorded using a textile electrode shirt. The procedure lasted 15 min in which the patient, in fasting conditions, remained lying down in a quiet room at 238C temperature.
CRF was measured according to a modified version of the Balke protocol for treadmills [27] , which consisted of two phases: an initial 3-min warm-up and the effort stage, which lasted until the patient reaches 90% of the maximum theoretical HR. The HR peak , the breathing rate peak and the VO 2peak are the corresponding values when the stopping criterion was reached. All the participants reached the stopping criterion of the effort test. In addition, the BPs (SBP peak and DBP peak ) were measured [28] .
Heart rate variability assessment
The HRV of all the participants was analysed from the continuous 15-min ECG signal recorded under resting conditions following the recommendations previously published [29] [30] [31] . These analyses have been performed in the time and frequency domain as well as in that regarding nonlinear dynamics.
Time domain analyses include statistical and geometric methods directly calculated from the interbeat interval timedependent series. Special attention was paid to the SD of the NN interval series (SDNN). Frequency domain analyses used to calculate the total power spectral density (PSD), as well as the power density corresponding to low frequency and high frequency, were performed using the Lomb-Scargle method. Both absolute (absolute low frequency, absolute high frequency and absolute total) as well as normalized values (normalized low frequency, normalized high frequency and low frequency/high frequency) are presented. It is worth noting that the intervals considered for low frequency and high frequency were 0.04-0.15 and 0.15-1, respectively.
Nonlinear dynamics was studied from the ECG signal using entropy base measures (sample entropy), Poincaré plot (P S ) and fractal base measures (detrended fluctuation analyses). Although the first of them calculates the complexity of the whole signal, the other two differentiate between short-term and long-term variation. To distinguish between them, a subscript 1 or 2 following the name of the procedure is used (i.e. P S1 -short-term variation according to the Poincaré plot procedure and P S2 -long-term variation according to the Poincaré plot).
Statistical analysis
The results were statistically analysed using SPSS version 16 (SPSS Inc., Chicago, Illinois, USA). Shapiro-Wilk and normal Q-Q plots were used to analyse the degree of normal distribution of the study population. One-way analysis of variance was used to compare quantitative variables, followed by Bonferroni's correction to control for multiple comparisons. Bivariate partial correlation tests were performed to assess relationships among the different variables. Obesity degree, breathing rate and pubertal stage were considered as confounders. The P values lower than 0.05 were considered statistically significant.
RESULTS

General characteristics of the study population
A total of 64 young white individuals were included in the study, of whom 14 (22%) were overweight, 33 (51%) were moderately obese and 17 (27%) were severely obese. No differences in age and sex distribution among the groups were detected. Six patients were hypertensive. All youth included in this cohort manifested a lack of physical activity other than the mandatory school activities. The general characteristics of the study population grouped by overweight and degree of obesity have been summarized in Table 1 .
No significant differences were observed in insulin, HOMA-IR, fasting glucose, lipid profile, breath rate or in BP and HR under resting conditions. Despite the absence of statistical significance, severely obese patients tend to have the highest values of insulin, HOMA-IR and SBP. Under effort conditions, however, significant differences in VO 2peak were observed between obese and overweight, breathing rate and DBP for the obese groups.
Heart rate variability HR variability in the time and frequency domain and its nonlinear components were analysed. All these parameters are summarized for each of the groups in Table 2 . Significant differences were observed in the total PSD -calculated using the Lomb-Scargle method -between the moderate and severe obese. The rest of the parameters do not seem to follow well defined trends. This suggests that obesity by itself is not responsible for altering cANS activity.
Heart rate variability, metabolic profile and cardiorespiratory fitness
The associations of HRV parameters with metabolic profile, BP values and CRF were assessed by Pearson's correlation coefficients in patients excluding the hypertensive ones (Table 3) . Obesity degree, pubertal stage and breathing rate at rest were considered as cofounders. Only normotensive patients were included because of the bias that HTN may introduce to the results of HRV assessment. Fasting insulin and HOMA-IR have presented significant positive correlations with the sympathovagal balance (Lomb-Scargle_low frequency/high frequency: r ¼ 0.281, P < 0.05; r ¼ 0.304, P < 0.05, respectively); however, no significant relationship was observed with BP at rest or under effort conditions. CRF, assessed by VO 2peak, was associated with the SDNN (r ¼ 0.268, P < 0.05) and with the long-term variation using the Poincaré plot (P S1 : r ¼ 0.275, P < 0.05; P S2 : r ¼ 0.273, P < 0.05). These are in agreement with the fact that higher ECG signal complexity is expected in patients with a lower degree of obesity. Finally, VO 2peak was significantly associated with insulin (r ¼ À0.273; P < 0.05), although with HOMA-IR it shows a trend (r ¼ À0.236; P < 0.09) when adjusted by degree of obesity, pubertal stage and breathing rate in effort.
Multivariant analysis relating the three componentsmetabolic (insulin levels), HRV (Lomb-Scargle_low frequency/high frequency) and the CRF (VO 2peak ) -and confounders has been performed. Insulin levels were independently related to low frequency/high frequency (P ¼ 0.003), VO 2peak (P ¼ 0.028), pubertal stage (P ¼ 0.014) and breathing rate at exercise (P ¼ 0.016). These factors explain 35% of the variance. Figure 1 summarizes how CRF, HRV and insulin are significantly related to each other.
DISCUSSION
In a paediatric population with a wide age range and BMI distribution, from overweight to severely obese, the activity of cANS was assessed through the HRV analysis of the ECG signal recorded under resting conditions. The key findings of the present study were the presence of a link among fasting insulin, HRV and CRF. Increased fasting insulin was associated with a higher sympathovagal balance and lower CRF, independent of the degree of obesity and puberty, indicating the heterogeneity of obese children and adolescents.
The study was performed in a cohort of overweight and obese individuals recruited from an obesity clinic and may not be representative of the general population. Six patients (10%) were diagnosed with HTN. The overweight and obese population have been qualified following the new extended international BMI cut-offs [19] . Even though this reformulation is expected to lead to minor changes in existing thresholds, the main benefits among others are its capability to be compared directly with the international and WHO cut-offs and the fact that they are exclusively for children and are not linked to the corresponding adult BMI values.
Obesity is an increasingly prevalent condition that predisposes to the presence of cardiometabolic risk factors, hyperinsulinaemia, HTN and lipid abnormalities [9] . It is important to reinforce that the present study was performed in a paediatric population in which comorbidities were not yet fully established. Data show that insulin levels correlate with cANS activity, measured in the frequency domain, independent of the degree of obesity and the pubertal stage. This finding coupled with nonsignificant differences of insulin levels between overweight and obese patients points out the potential role of cANS activity in the dysmetabolic state. Although some studies [32] [33] [34] have concluded that insulin may trigger sympathetic excitatory effects on central adrenergic neural outflow, in others an increased adrenergic state has been shown per se to favour the development and progression of a hyperinsulinaemic state [35] .
In addition to the evaluation of traditional parameters, the effort test, CRF, has been added and assessed by oxygen consumption, VO 2peak . In the evaluation of overweight/ obese children and adolescents, the assessment of CRF is regularly not included, even though the information gained can be relevant when categorizing the risk of obese patients [10]. The effort test was performed using a modified Balke protocol suited for children and adolescents, in which the speed and the inclination profile were modified. The main purpose of these modifications was to assure a more secure environment for the patients participating in the study and to avoid reaching extenuation. Despite them, the procedure retains its discriminatory effect as described by Guixeres et al. [27] . During the exercise, lower VO 2peak was observed in obese patients as compared with overweight ones, indicating that the poorest CRF performance is most evident in the severely obese.
Studies performed in adults [36] and recently in nonobese children [37] have related low VO 2peak with life expectancy in adults and metabolic abnormalities, like insulin resistance in children, respectively. In the present research, this finding has also been demonstrated, but in this case in the obese paediatric population. The low VO 2peak is inversely associated with fasting insulin, indicating that the lower the CRF the higher the risk for insulin resistance at this early stage of life and foreseeing the future risk to develop metabolic syndrome and type 2 diabetes. The concurrence of low CRF, high levels of insulin and DBP values indicates the presence of subtle derangements of the cardiometabolic status, predicting a future increment of cardiovascular risk. Consequently, CRF is a relevant clinical parameter that could be included into the routine assessment of obese patients.
ANS imbalance, assessed in the heart, may not only contribute to the development or stabilization of obesity [14, 38] but it is also associated with cardiovascular mortality [39] . Therefore, the study of the ANS function in the presence of obesity is of considerable clinical interest. Currently, several procedures [40] [41] [42] have been developed to assess the ANS activity. Nowadays, HRV has become one of the most popular methods (cANS) because it is simple, Overweight and obesity FIGURE 1 Pearson's correlation coefficients (P < 0.05) showing the link among insulin, heart rate variability and cardiorespiratory fitness. All correlations were adjusted by degree of obesity, pubertal stage and breathing rate (baseline when heart rate variability and in effort when volume oxygen peak was considered, respectively). Sympathetic nervous system in obese youths reliable and noninvasive. The HRV assessment is based on the NN interval duration in ECG, reflecting the complex interactions between the SNS and the parasympathetic one.
In general, time and frequency domain analyses have been applied to assess the activity of ANS [40] . Moreover, an analysis performed by nonlinear dynamics is becoming more frequent as complementary information [42, 43] . The increment of cANS in those patients with elevated insulin levels suggests that obesity itself does not alter the ECG signal variability in contrast with metabolic factors. These data are partially in agreement with the study of Baum et al. [13] , in which an ANS dysfunction was described in obese children and adolescents. These data are partially in agreement with those of the study by Baum et al. [13] , in which an ANS dysfunction was described in obese children and adolescents. ANS dysfunction was characterized by both parasympathetic and sympathetic activity reduction, although the low frequency/high frequency ratio was positively related to body weight. Similarly, cANS abnormalities were observed in preobese and obese young adults [44] .
Nonlinear dynamics evaluated with the Poincaré plot method have shown a positive correlation with VO 2peak . The fact that both short-term and long-term variations are positively related highlights the relationship between signal complexity and CRF [43] . Several studies have associated these variations with parasympathetic activity (P S1 ) and sympathetic modulation (P S2 ) [45] or as an indicator of vagal modulation (P S1 ) [46] . In either case, higher activity is associated with healthier patients who at the end reach higher VO 2peak values reflecting better CRF conditions. This is confirmed by the positive correlation between SDNN and VO 2peak . The coherence of these findings highlights the robustness of the Poincaré plot procedure in analysing nonlinear dynamics under resting conditions and its application for predicting CRFs in an overweight and obese youth.
Strengths and limitations of the present research need to be considered. Being a cross-sectional study with a limited sample size does not allow for casual relationships among the parameters tested. Data from clinical samples may not be representative of the general population, and selection and referral bias was present. Moreover, no information about the duration of obesity was available, a factor that can influence cANS. The lack of physical activity, other than that mandatory at school, was common for all patients. Combining the information of traditional parameters with those coming from the assessment of cANS in a cohort of young people with a wide BMI distribution and heterogeneous metabolic abnormalities contributes relevant information to the link among the cANS activity, metabolic status and CRF, strengthening the relevance of the study.
The present work deals with an underinvestigated area in paediatric patients, adding significant insights into the links among metabolic parameters, CRF and HRV in the presence of abnormally increased body weight. In addition, it reflects the heterogeneity of obese patients with autonomic imbalance and the association of this latter one with cardiometabolic risk factors. Better knowledge of the presence of cardiometabolic risk factors may contribute to an enhancement of treatment efficiency in obese youth, and consequently improve prognosis and quality of life in adulthood. Longitudinal studies should be performed to determine whether or not cANS imbalance can be a cause or a consequence of the metabolic and cardiovascular alterations linked to obesity.
